Aim It has been suggested that glucose levels C155 mg/dl at 1-h during an oral glucose tolerance test (OGTT) may predict development of type 2 diabetes and cardiovascular events among adults with normal glucose tolerance (NGT 1 h-high). Studies showed a link between increased blood viscosity and type 2 diabetes. However, whether blood viscosity is associated with dysglycemic conditions such as NGT 1 h-high, impaired glucose tolerance (IGT) or impaired fasting glucose (IFG) is unsettled. Methods 1723 non-diabetic adults underwent biochemical evaluation and OGTT. A validated formula based on hematocrit and total plasma proteins was employed to estimate whole blood viscosity. Subjects were categorized into NGT with 1 h glucose \155 mg/dL (NGT-1 h-low), NGT-1 h-high, IFG and/or IGT. Results Hematocrit and blood viscosity values appeared significantly higher in individuals with NGT 1 h-high, IFG and/or IGT as compared to NGT 1 h-low subjects. Blood viscosity was significantly correlated with age, waist circumference, blood pressure, HbA1c, fasting, 1-and 2-h post-challenge insulin levels, total cholesterol and lowdensity lipoprotein, triglycerides, fibrinogen, white blood cell, and inversely correlated with high-density lipoprotein and insulin sensitivity. Of the four glycemic parameters, 1-h post-challenge glucose showed the strongest correlation with blood viscosity (b = 0.158, P \ 0.0001) in a multivariate regression analysis model including several atherosclerosis risk factors. Conclusions Our results demonstrate a positive relationship between blood viscosity and 1-h post-challenge plasma glucose. They also suggest that a subgroup of NGT individuals with 1-h post-challenge plasma [155 mg/dl have increased blood viscosity comparable to that observed in subjects with IFG and/or IGT.
Introduction
Blood viscosity is due to the frictional interactions between major blood components, i.e. plasma, plasma proteins and red blood cells, and it is a measure of the intrinsic resistance of blood to flow. Increased blood viscosity has been reported to be related with major cardiovascular risk factors including hyperlipidemia, diabetes mellitus, hypertension, cigarette smoking, metabolic syndrome, obesity, hyperfibrinogenemia [1] [2] [3] [4] [5] [6] . In addition, whole blood viscosity has been found to be associated with left ventricular hypertrophy, atherosclerosis, vascular stiffness, and non-alcoholic fatty liver, as well as to predict cardiovascular diseases [7] [8] [9] [10] [11] [12] [13] [14] [15] . Given the negative association between blood viscosity and flow, an elevated blood viscosity may be involved in the pathogenesis of insulin resistance and type 2 diabetes mellitus, as it may result in reduced glucose and insulin delivery to metabolically active tissues [16] . Indeed, several crosssectional studies have shown a connection between increased blood viscosity, impaired insulin sensitivity, and type 2 diabetes [16] [17] [18] [19] [20] . More importantly, longitudinal studies have demonstrated that hematocrit, a crucial parameter of blood viscosity, and blood viscosity itself are associated with incident type 2 diabetes [21] [22] [23] [24] [25] . These evidences suggest that elevated blood viscosity may occur early in the natural history of type 2 diabetes, but only limited data are available, since the studies carried out on subjects with normal glucose tolerance (NGT) or impaired glucose homeostasis were of small size or employed suboptimal definitions of dysglycemic states such as impaired glucose tolerance (IGT) [6, 26, 27] . Evidence has accrued suggesting that subjects with a 1-h plasma glucose concentration during an oral glucose tolerance test (OGTT) [155 mg/dl (8.6 mmol/l) are at increased risk of type 2 diabetes among those who have NGT [28] [29] [30] [31] . Remarkably, subjects with 1-h postchallenge plasma glucose [155 mg/dl are characterized by a cluster of cardio-metabolic abnormalities such as insulin resistance [32] , pro-atherogenic lipid profile [33] , hepatic steatosis [34] , carotid atherosclerosis [35] , vascular stiffness [36] , and left ventricular hypertrophy [37] , and cardiac autonomic imbalance [38] which in turn have been inked to increased blood viscosity [1, 3, [7] [8] [9] [10] [11] . The degree to which 1-h post-load plasma glucose [155 mg/dl is associated with blood viscosity remains unsettled. The objective of this study, therefore, was to evaluate whether elevated estimated whole blood viscosity is cross-sectionally linked with dysglycemic conditions including with 1-h post-challenge plasma glucose [155 mg/dl and IGT in a cohort of well-characterized nondiabetic individuals.
Methods
We analyzed 1723 individuals consecutively recruited at the Department of Systems Medicine of the University of Rome-Tor Vergata and at the Department of Medical and Surgical Sciences of the University ''Magna Graecia'' of Catanzaro as previously described [30, [32] [33] [34] [35] [36] [37] [38] .
Anthropometrical parameters of study participants including BMI, waist circumference, and blood pressure, and biochemical data were collected after an over-night fasting. A 75 g OGTT was carried out with 0, 30, 60, and 120 min sampling for plasma glucose and insulin. The study was approved by the local ethics committee (Comitato Etico Azienda Ospedaliera ''Mater Domini''). Every subject gave written informed consent in accordance with principles of the Declaration of Helsinki.
Analytical determinations
Hemoglobin, hematocrit, and white blood cell count were measured using an automated particle counter (Siemens Healthcare Diagnostics ADVIA Ò 120/2120 Haematology System, Milan, Italy). Glucose, triglycerides, total and high density lipoprotein (HDL) cholesterol levels were assessed by enzymatic methods (Roche, Basel, Switzerland). HbA1c was measured with high performance liquid chromatography using a national glycohemoglobin standardization program (NGSP) certified automated analyzer (Adams HA-8160 HbA1C analyzer, Menarini, Italy). Fibrinogen was determined by an automated nephelometric technology using the BNTMII System analyzer (Siemens Healthcare, Italy). Plasma insulin levels were assessed with a chemiluminescence-based assay (Immulite Ò , Siemens Healthcare GmbH, Erlangen, Germany).
Calculations
Study participants were categorized in accordance with their glucose tolerance status as having NGT when their fasting plasma glucose and 2-h post-challenge levels were \100 mg/dl and \140 mg/dl, respectively, isolated impaired fasting glucose (IFG) when fasting plasma glucose was 100-125 mg/dl and 2 h post-load \140 mg/dl, IGT when fasting plasma glucose was \100 mg/dl and 2 h post-load was 140-199 mg/dl and combination of IFG and IGT (combo IFG ? IGT) when fasting plasma glucose was 100-125 mg/dl and 2-h post-load was 140-199 mg/dl. Individuals classified as NGT were subsequently divided into two groups (NGT 1 h-low and NGT 1 h-high) based upon their 1-h plasma glucose concentration, below or above 155 mg/dl, respectively.
Whole blood viscosity at 208 s -1 of shear rate was calculated by a previously validated equation that takes into account haematocrit and plasma proteins [39] : Whole blood viscosity = [0.12 9 h] ? [0.17 9 (p-2.07)], where h is haematocrit (%) and p is plasma proteins levels (g/dl).
The Matsuda index of insulin sensitivity was calculated as follows: 10.000/square root of [FPG 9 fasting insulin] 9 [mean glucose 9 mean insulin during OGTT] [40] .
Statistical analysis
Given their skewed distribution, triglycerides, fasting, 1-, and 2-h insulin were natural log transformed for statistical analyses. Continuous data are expressed as mean ± SD. v 2 test was used to compare categorical variables. We used a general linear model with adjustment for age to test pairwise differences in anthropometric, metabolic, and hematological parameters among glucose tolerance groups.
We evaluated pearson correlation coefficient to test the correlation between continuous variables. A multiple linear regression analysis was performed to assess the relationships between variables and their independent contribution to whole blood viscosity. The multicollinearity among variables in the performed regression analyses was excluded by the fact that the variance inflection factor (VIF) was less than 6. We considered statistically significant a twosided P value \0.05. All analyses were carried out using the statistical package SPSS 22.0 for Windows (SPSS, IBM Ò , Chicago, IL).
Results

Cardio-metabolic characteristics
Anthropometric and metabolic data of the study cohort, distributed according to their glucose tolerance are reported in Table 1 . A total of 1723 subjects were evaluated, of whom 1017 (59.0%) had NGT, 240 (13.9%) had isolated IGT, 245 (14.2%) isolated IFG and 221 (12.8%) had both IFG and IGT (combo IFG ? IGT). NGT subjects were subclassified into two groups using a 1-h post-challenge plasma glucose cutoff point of 155 mg/dl during OGTT: 757 subjects had 1-h post-challenge plasma glucose \155 mg/dl (NGT 1 h-low) and 260 individuals had 1-h post-challenge plasma glucose C155 mg/dl (NGT 1 hhigh). Gender, and age distributions were unevenly scattered among the five groups: NGT 1 h-high, isolated IFG, isolated IGT and combo IFG ? IGT harbored more men than women, while subjects with NGT 1 h-low were younger as compared with subjects of other glucose tolerance groups (Table 1) . Since these two parameters are associated with hemorheological features, all subsequent analyses were adjusted for age, and gender.
By design, subjects with NGT 1 h-high, isolated IFG, isolated IGT and combo IFG ? IGT exhibited higher levels of 1-and 2-h post-challenge glucose, and HbA1c (Table 1) . Subjects with isolated IFG, isolated IGT and combo IFG ? IGT were less likely to be smokers as compared with NGT 1 h-high, and NGT 1 h-low groups. NGT 1 h-high, isolated IGT and combo IFG ? IGT groups presented significantly higher values of BMI, waist circumference, triglycerides, fasting glucose, fasting, 1-and 2-h post-challenge insulin levels as compared with the NGT 1 h-low group, even after adjustment for age, and gender. Additionally, NGT 1 h-high, isolated IGT and combo IFG ? IGT individuals exhibited lower values of HDL cholesterol and Matsuda index of insulin sensitivity (Table 1) . Subjects with isolated IFG displayed higher levels of triglycerides, fasting glucose, fasting, 1-and 2-h post-load insulin and lower values of Matsuda index of insulin sensitivity in comparison to NGT 1 h-low individuals (Table 1) .
Hemorheological characteristics
Hemorheological parameters of the three study groups are shown in Table 2 and Fig. 1 . After adjusting for age, and gender, NGT 1 h-high, isolated IFG, isolated IGT and combo IFG ? IGT groups exhibited a significant increase in values of hematocrit, white blood cell count, and whole blood viscosity while no significant differences in total protein and hemoglobin concentrations were detected.
Univariate correlations between blood viscosity and anthropometric and metabolic features in the study cohort are presented in Table 3 . Whole blood viscosity was significantly associated with waist circumference, with notably weaker correlation with BMI. In addition, whole blood viscosity was significantly and positively correlated with age, systolic and diastolic blood pressure, total and LDL cholesterol, triglycerides, fibrinogen, white blood cell count, HbA1c, fasting, 1-and 2-h post-challenge plasma insulin levels, and inversely correlated with HDL cholesterol and Matsuda index of insulin sensitivity (Table 3) . Importantly we observed that 1-h post-load plasma glucose was more strongly correlated with whole blood viscosity in comparison to the other measures of glucose homeostasis, i.e. HbA1c, fasting and 2-h post-challenge plasma glucose levels.
Next, all variables that were significantly correlated with whole blood viscosity were included in a model of multivariable regression analysis to estimate their independent contribution to whole blood viscosity (Table 4) . Comparison of standardized coefficients allowed the determination of the relative strength of each trait association with whole blood viscosity (listed from strongest to weakest): 1-h postchallenge glucose (b = 0.158, P \ 0.0001), white blood cell count (b = 0.137, P \ 0.0001), diastolic blood pressure (b = 0.116, P \ 0.0001), triglycerides (b = 0.099, P = 0.002), 2-h post-challenge glucose (b = 0.093, P = 0.01), fibrinogen (b = 0.090, P \ 0.0001), age (b = 0.075, P = 0.007), HDL cholesterol (b = -0.078, P = 0.01), systolic blood pressure (b = 0.069, P = 0.03), waist circumference (b = 0.058, P = 0.03), and HbA1c (b = 0.035, P = 0.004) ( Table 4 ). These factors explained 21.4% of the variance of whole blood viscosity.
Finally, to estimate the independent contribution of whole blood viscosity to 1-h post-load glucose we carried out a multivariable regression analysis in a model including variables affecting 1-h post-load glucose (Table 5) . Comparison of standardized coefficients allowed the determination of the relative strength of each trait's association with 1-h post-load glucose (listed from strongest to weakest): Matsuda index of insulin sensitivity (b = -0.433, Table 5 ). These factors explained 36.6% of the variance of 1-h post-load glucose.
Discussion
In this paper we report, for the first time, a significant correlation between whole blood viscosity and NGT 1 hhigh and IGT and/or IFG, dysglycemic conditions known to increase the risk for cardiovascular diseases and type 2 diabetes [28] [29] [30] . Notably, our data suggest that, even within the normal glucose tolerance category, individuals having 1-h post-challenge plasma glucose [155 mg/dl exhibit an increase in whole blood viscosity comparable with that observed in subjects with IGT. Significant associations of selected hemorheological parameters, mainly hematocrit, with future type 2 diabetes have been observed in previous clinical studies [21] [22] [23] [24] [25] . Elevated blood viscosity has been also observed in subjects with high-normal fasting glucose and IFG [6, 27] . However, these studies were carried out in small groups of individuals without performing OGTT, thus the contribution of post-load plasma glucose levels to whole blood viscosity has been overlooked. The findings of the current study extend the observations in populations with an increased risk for type 2 diabetes in several important ways. First, we evaluated the relationship of hemorheological parameters with glucose intolerance in a large cohort (1723) of nondiabetic individuals. The associations of hemorheological parameters with NGT 1 h-high, IFG and IGT in this study were consistent, and a strong association of 1-and 2-h postchallenge glucose levels with whole blood viscosity was observed even after adjustment for multiple covariates. Remarkably, we found that 1-h post-load plasma glucose value were positively correlated with whole blood viscosity, this correlation was stronger than those observed for the other glucose homoeostasis measures, i.e. HbA1c, fasting glucose, and 2-h post-challenge glucose levels, and independent of the major atherosclerosis risk factors. It is noteworthy that among the 706 individuals with altered glucose tolerance, 593 (84%) had also 1-h post-challenge plasma glucose[155 mg/dl thus indicating that 1-h plasma glucose was a strong contributor to elevated whole blood viscosity also in subjects with impaired glucose tolerance 2-h insulin (lU/ml) 0.14 \0.0001
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BMI body mass index, LDL low-density lipoprotein, HDL high-density lipoprotein conditions. On the other hand, in a multivariate regression analysis model including multiple factors influencing glucose tolerance, whole blood viscosity was an independent contributor to 1-h post-load plasma glucose indicating that hemorheological abnormalities may affect glucose homeostasis. The mechanism underlying the observed relationship between elevated 1-h post-load plasma glucose levels and elevated whole blood viscosity is undefined. An impaired insulin sensitivity could be one possible explanation since prior studies have repeatedly reported that individuals with NGT 1 h-high have impaired insulinstimulated glucose disposal [32, 41] . Accordingly, we observed a decreased insulin sensitivity in NGT subjects with 1-h post-challenge plasma glucose [155 mg/dl in comparison to NGT individuals with 1-h post-challenge plasma \155 mg/dl. Several mechanisms may explain the association of hematocrit, the foremost determinant of whole blood viscosity, or viscosity itself with insulin resistance. Elevated blood viscosity is associated with decreased flow. A lower blood flow, in turn, counteracts the transport of glucose to skeletal muscle [17] . This leads to compensatory vasodilatation and increase in blood pressure in an attempt to rise blood flow. The reduced glucose transport in the tissues causes an increase in the circulating glucose levels which promotes insulin secretion. Alternatively, hyperinsulinemia due to insulin resistance may induce sympathetic neural activation, promote arterial vasodilation and venous vasoconstriction, with consequent fluid extravasation which in turn would lead to hemoconcentration and increased blood viscosity [18, 19] . Furthermore, chronic subclinical inflammation may represent a common mechanistic factor since it has been associated with both blood viscosity [39] and NGT 1 hhigh and IGT dysglycemic conditions [42] , and it precedes development of type 2 diabetes [43] . We found that subjects with NGT 1 h-high and IGT have increased fibrinogen levels as compared with NGT individuals with 1-h post-load plasma \155 mg/dl. Elevated levels of fibrinogen are not only a marker of systemic inflammation but have also a role in increasing blood viscosity. The link between elevated 1-h post-load plasma and subclinical inflammation is probably represented by hyperglycemia that induces oxidative and inflammatory stress, and this effect is more marked in individuals with impaired glucose homeostasis.
Increased lipoproteins concentration may be another shared mechanism linking blood viscosity [3, 39] and elevated 1-h post-challenge plasma glucose [33] . Low HDL levels have been associated with an elevated blood viscosity [3] . According to prior studies [33] , we found that subjects with NGT 1 h-high and IGT exhibit a reduction of HDL levels as compared with NGT individuals with 1-h post-load plasma glucose\155 mg/dl, which was inversely related to whole blood viscosity. It has been suggested that HDL may counteract the aggregation of erythrocytes induced by LDL, thus leading to a decrease in blood viscosity [3] .
The results of this study which provide evidence sustaining the link between post-load hyperglycemia and elevated whole blood viscosity may have clinical implications. It has been shown that individuals with 1-h postchallenge plasma glucose [155 mg/dl are characterized by a worse cardiovascular risk profile [32, 33] associated with subclinical organ damage such as carotid atherosclerosis [35] , vascular stiffness [36] , and left ventricular hypertrophy [37] , all independent predictors of cardiovascular events. 1-h plasma glucose levels have been found to be predictive of the risk of myocardial infarction and coronary heart disease [44] in subjects affected by type 2 diabetes and total mortality in nondiabetic population [45] . Elevated blood viscosity may represent one of the physio-pathologic mechanisms underlying the link of 1-h hyperglycemia to both type 2 diabetes [20] [21] [22] [23] [24] [25] [28] [29] [30] and cardiovascular diseases [7-15, 35-37, 44, 45] . Since IGT and IFG have already been recognised as dysglycemic conditions which require specific attention to halt the progression toward type 2 diabetes and decrease the associated cardiovascular risk, employing the 1-h OGTT plasma glucose criterion to screen NGT individuals may be useful to identify a subgroup that would otherwise be regarded as normal who may benefit from life style modifications and/or pharmacologic intervention in order to avoid or slow adverse clinical outcomes. Strengths of our study are represented by the large sample size comprising men and women, the demographically homogeneous group of White adults, an extended clinical characterization with anthropometric and metabolic data collected according to a standardized protocol that allowed us to adjust for multiple confounders, the centralization of laboratory analyses, the assay of hormones and metabolites in fresh, rather than in stored, blood samples thus preventing possible problem of degradation, the exclusion of confounding chronic disorders potentially affecting both hemoglobin concentration and inflammatory biomarkers, the exclusion of subjects treated with corticosteroids, antiplatelet, anticoagulant, lipid-lowering and hypoglycemic agents.
Nevertheless, some limitations should be taken into account. First, blood viscosity has not been measured directly. However, we estimated blood viscosity in study participants using an equation that has been previously validated [39] . A second limitation is that additional blood parameters related to blood viscosity, such as erythrocyte deformability and aggregability were not measured. However, we analyzed hematological measures commonly used in clinical practice; moreover it should be noted that the size of the study cohort should counterbalance the limited precision of our measures. Additionally, participants underwent a single 75 g OGTT to assess glucose tolerance, and therefore, it is possible that some subjects might have been misclassified. Nevertheless, in consideration of the large sample size, we believe that the misclassification might have occurred only in a few subjects. Moreover, all variables, including hematocrit, hemoglobin and total protein concentrations were measured once. This approach is commonly used in clinical research, however intra-individual variability in laboratory variables cannot be taken into account. Furthermore, the described analyses were performed on data from subjects deemed at risk of type 2 diabetes and cardiovascular disease collected in an university hospital. Although this may be considered as a limitation of the study, it supports the clinical application of the 1-h OGTT criterion in selected risk populations to identify the individuals who may mostly benefit of intensive intervention program. Additionally, all participants were Whites, and our results should not be applied to other ethnic populations due to differences in socio-demographic, lifestyle, and anthropometric features. Finally, the cross-sectional design of the study reflects only an association of 1-h post-load plasma glucose with whole blood viscosity, and precludes us from discerning cause and effect using this design, nonetheless it provides some pathophysiological clues to support the use of the 1-h OGTT plasma glucose value as additional diagnostic criterion to recognize individuals with an increased risk to develop diabetes. Therefore, our findings need to be confirmed by future prospective studies and should presently be considered as hypothesis generating. 
